United States Patent [wj 

Campbell 


US006167263A 
[li] Patent Number: 
[45] Date of Patent: 


6,167,263 
Dec. 26, 2000 


[54] AERIAL COMMUNICATIONS NETWORK 
INCLUDING A PLURALITY OF AERIAL 
PLATFORMS 

[75] Inventor: J. Scott Campbell, New York City, 
N.Y 

[73] Assignee: Spherecore, Inc., New York, N.Y. 

[21] Appl. No.: 09/079,824 
[22] Filed: May 15, 1998 

Related U.S. Application Data 
[60] Provisional application No. 60/046,930, May 16, 1997. 

[51] Int. CI. 7 H04Q 7/20; B64B 1/06 

[52] U.S. CI 455/431; 455/13.1; 370/316; 

244/190; 244/195; 244/164; 244/96; 244/30; 

244/31 

[58] Field of Search 455/12.1,13.1, 

455/13.2, 427, 431, 7, 15; 244/3.13, 3.14, 
3.19, 24, 30, 31, 96, 164, 169, 171, 172, 
189, 190, 194, 195; 370/316, 326; 342/2 

[56] References Cited 

U.S. PATENT DOCUMENTS 


Re. 28,725 2/1976 Hutchinson et al 342/353 

2,151,336 3/1939 Scharlau 342/385 

2,366,423 1/1945 Pear, Jr. 343/825 

2,462,102 2/1949 Istvan 342/6 

2,542,823 2/1951 Lyle 455/11.1 

(List continued on next page.) 

FOREIGN PATENT DOCUMENTS 

2 082 995 3/1982 United Kingdom B64B 1/06 

95/04407 2/1995 WIPO H04B 7/185 


OTHER PUBLICATIONS 

M. Onda et al., "A Stratospheric Unmanned Powered Ligh- 
tcr-Than-Air Platform", 18th Congress of the International 
Council of the Aeronautical Sciences, pp. 198-208, Sep. 
1992. 


Brown, "Balloon Technology Offers High- Altitude Appli- 
cations", Aviation Week & Space Technology, pp. 56 and 57, 
Nov. 1992. 

Croutch, "Balloon and Airship", Compton's Interactive 
Encyclopedia, Dec. 1993. 

Wilson, "Countdown Begins for Earth-Orbiting Balloons", 
Popular Mechanics, pp. 19, May 1997. 

Primary Examiner — Edward F. Urban 
Assistant Examiner— Rafael Perez-Gutierrez 
Attorney, Agent, or Firm— White & Case LLP 

[57] ABSTRACT 

A global communications network comprises a plurality of 
aerial platforms or vehicles deployed at an altitude in or near 
the stratosphere and permitted to drift in a controlled manner 
such that each platform adjusts its position relative to other 
aerial platforms. Each aerial platform has a propulsion 
system and control surfaces and preferably includes a 
lighter-than-air component to maintain lift in an economical 
manner. Each aerial platform also includes a payload, means 
for communicating with other aerial platforms and a control 
system including location-finding equipment and a proces- 
sor adapted for directing the platform's propulsion system 
and control surfaces to effectuate changes in the aerial 
platform's position relative to other aerial platforms based 
on position information, and optionally on other factors such 
as terrestrial demand for services provided by the payload of 
the aerial platforms. The communications network accord- 
ing to the present invention accordingly provides a self- 
adjusting network for creating and maintaining a global 
communications link optionally capable of interoperating 
with one or more orbiting communications satellites or with 
ground, air or sea-based equipment. 

18 Claims, 12 Drawing Sheets 
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AERIAL COMMUNICATIONS NETWORK is intended to maintain a fixed position or station above the 

INCLUDING A PLURALITY OF AERIAL earth in the face of environmental disturbances. This 

PLATFORMS approach coasumes a great deal of energy, however, and 

requires that the platform be outfitted, at great expense and 

RELATED APPLICATIONS 5 increase in weight, with an on-board source of, or means of 

This application claims the benefit, under 35 U.S.C. CaptUring ' the QCCeSSary Cnergy ' 

§119(e), of U.S. Provisional Patent Application Ser. No. SUMMARY OF THE INVENTION 

60/046,930, filed May 16, 1997. ~ t . . . , . . 

> > * The present invention provides a solution to many of the 

FIELD OF THE INVENTION 10 P ro bl ems encountered in the deployment and use of existing 

communications network alternatives. 

The present invention relates in general to the field of i n one embodiment, the present invention provides a 

communications and, in particular, to communications net- communications network comprising a plurality of aerial 

wor * cs - platforms that are distributed in the atmosphere and permit- 

^ * ^ T ,™ rtT « m ™ . is ted to drift. Each platform is adapted to receive signals from 

BACKGROUND OF THE INVENTION other p, atforms £ , he nelwork P and is ^ f dapted to 

Communications systems presently depend upon either adjust its position with respect to the platforms according to 

earth based systems of wires, cables, microwave towers, a decision rule. 

wireless networks or earth-orbiting satellites. Each of these At least one of the platforms in the communications 
two delivery systems suffers from a variety of limitations. In 20 network may comprise a payload adapted according to 
the case of ground (or sea) based communications systems, known methods for communication with equipment located 
the cables must be laid, or microwave towers or wireless on the earth (either ground or sea-based), aboard an airborne 
base stations erected, incurring heavy financial and even vehicle or aboard a satellite, or adapted for other functions, 
political costs. The services provided by ground-based sys- such as photography or other observation, 
terns may prove to be economically attractive only where the 25 The present invention also comprises a method for pro- 
population density of potential subscribers is substantial. viding communications services over a geographic area on 
Moreover, the elements of such terrestrially based, hard- the earth. In one embodiment, the method first distributes in 
wired systems require periodic maintenance and upgrading, the atmosphere a network of aerial platforms, each platform 
also at great expense. adapted for communications with other such platforms and 
Satellite-based communications networks suffer from further adapted to adjust its position relative to other plat- 
their own shortcomings. Most conspicuously, they cannot be forms. Then, the platforms are permitted to drift relative to 
placed into service without being boosted by rockets. Rocket the earth. Each platform is controlled in order to adjust, 
technology is an extraordinarily expensive means for plac- while drifting, its position with respect to a set of neighbor- 
ing a platform into service. The fact that rockets have a high 35 ing platforms. 

failure rate increases both the risk of loss and the cost of An embodiment of an individual aerial platform for use in 

launch due to insurance. The use of rockets also incurs a communications network employing a plurality of such 

serious environmental costs, since most commercially used platforms comprises a lighter than air vehicle adapted for 

rockets produce thousands of tons of toxic emissions each directional propulsion in response to a control signal and for 

time they are launched. 4Q remaining airborne for a period of time. Such a platform also 

Furthermore, the nature of satellite orbits imposes certain comprises communications electronics coupled to the 

constraints on their utility. Satellites placed in geostationary vehicle for sending signals to and receiving them from other 

orbit (of which there is only one, located approximately airborne platforms. In addition, the individual aerial plat- 

22,291 miles above the earth's equator) are limited in terms form comprises control electronics coupled to the commu- 

of the number of available positions or "slots." The great 45 nications electronics and adapted to generate a control signal 

distance of geostationary satellites from the earth leads to f° r directing the vehicle in response to signals received from 

significant attenuation of signals transmitted to and received otner airborne platforms. 

from these platforms. To cope with this attenuation, either In another embodiment, a communications network 

expensive ground-based equipment or larger, more powerful according to the present invention may comprise a plurality 

satellites must be used. The distance of geostationary satel- 50 of aerial platforms distributed in a preselected altitude range 

lites from the earth also introduces non-trivial delays in the in the atmosphere. The aerial platforms, which are permitted 

delivery of signals. to drift, are each adapted to receive signals from other 

Satellites placed in low-earth orbit, while more attractive platforms in the network, 

than geostationary satellites from the standpoint of deploy- In another embodiment of the communications network 

ment costs, signal attenuation and delay, nevertheless suffer 55 according to the present invention, a communications net- 

from their own infirmities. Perhaps the chief among these is work includes a plurality of aerial platforms distributed in 

that the speeds at which the satellites traverse regions of the the atmosphere in a preselected latitude range. The aerial 

earth confine the duration of suitable transmission periods to platforms, which are permitted to drift, are each adapted to 

mere minutes. The provision of meaningful communications receive signals from other platforms in the network, 

coverage accordingly requires the use of many such satel- 60 Accordingly, it is an object of the present invention to 

lites in conjunction with a complex yet robust system for provide a system of inexpensive aerial platforms that can be 

controlling communications among them. deployed to form a communications network. 

Certain systems that would employ one or more lighter It is also an object of the present invention to provide a 

than air platforms deployed in the atmosphere have been system of aerial platforms that can be inexpensively 

proposed as an alternative to the existing ground-based and 65 deployed as a communications network, 

space-based communications network options. These pro- It is another object of the present invention to provide a 

posed systems employ an approach in which each platform system of aerial platforms deployed as a communications 
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network in which the aerial platforms are permitted to drift 
with prevailing winds but which nevertheless adjust their 
position relative to one another in order to maintain desired 
coverage by the network. 

It is a further object of the present invention to provide a 
system of aerial platforms capable of establishing a robust, 
adaptable communications network in which the failure of a 
particular platform will not cripple the performance of the 
network, nor represent a catastrophic loss to investors. 

It is an additional object of the present invention to 
provide a system of aerial platforms that can be deployed as 
a communications network without the creation of toxic 
emissions or space debris. 

It is yet another object of the present invention to provide 
a system of aerial platforms that can be deployed as a 
communications network that operates in conjunction with 
orbital communications satellites. 

It is still a further object of the present invention to 
provide a communications network including a plurality of 
aerial platforms deployed in a preselected altitude range in 
the atmosphere and permitted to drift. 

An additional object of the present invention is to provide 
a communications network including a plurality of aerial 
platforms distributed in the atmosphere in a preselected 
latitude range and permitted to drift. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a projection of the earth and its major wind 
zones. 

FIG. 2 shows a network according to the present invention 
distributed about the equator of the earth in communication 
with a plurality of orbital satellites. 

FIG. 3 shows an elevational view of the earth's atmo- 
sphere and a preferred region of operation by aerial plat- 
forms according to the present invention. 

FIG. 4 shows an embodiment of a vehicle suitable for use 
as an aerial platform in the system according to the present 
invention. 

FIG. 5 shows a subset of a network of aerial platforms 
according to the present invention operating over a portion 
of the earth's surface. 

FIG. 6 is a block diagram of a control system for an aerial 
platform according to the present invention. 

FIG. 7 shows a flowchart of the processing logic of an 
embodiment of a control system for an aerial platform 
according to the present invention. 

FIGS. 8A-8L provide the definition for a fuzzy logic 
control algorithm for an embodiment of an aerial platform 
according to the present invention. 

FIG. 9A shows an orbital satellite and a zone over which 
the satellite can effectively communicate with a point on the 
earth. 

FIG. 9B shows an orbital satellite, an aerial platform with 
which the orbital satellite is in communication, and a zone 
over which the orbital satellite can effectively communicate 
with a point on earth via the aerial platform. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The communications system according to the present 
invention provides a network of aerial platforms that are 
lighter than air and that are deployed into the atmosphere, 
wherein their positions relative to one another are adjusted 
via a controlled drift strategy. As described below, the 


,263 

4 

control is preferably (although not necessarily) implemented 
through a distributed approach in which each platform has 
on board its own processor and implements a suitable 
control law. 

The principle of controlled drift according to the present 
invention recognizes that the earth's atmosphere is continu- 
ally in motion and that maintenance of a particular position 
above the earth requires that such atmospheric disturbance 
be overcome. According to the present invention, aerial 
platforms are permitted to migrate with the winds in the 
atmosphere, minimizing the energy necessary to counteract 
motion due to such winds. 

Because atmospheric winds are neither uniform nor per- 
fectly predictable, the relative positions of aerial platforms 
deployed in the atmosphere in general will not remain 
constant. According to the present invention, and as 
described in detail below, control and propulsion systems 
aboard each of the aerial platforms are directed to the 
reduction or minimization of errors in the relative positions 
of each aerial platform relative to the others, based on 
signals received from neighboring aerial platforms, ground 
stations, satellites, aircraft, or seagoing vessels. The control 
can also be directed to the optimization of other factors, such 
as the demand for the services of the aerial platform payload 
resources (e.g., communications, sensing, or other function) 
at a particular location. 

The system according to the present invention for the 
controlled drift of a network of aerial platforms through the 
earth's atmosphere recognizes and takes advantage of cer- 
tain features of atmospheric behavior. The stratosphere, in 
which the aerial platforms are preferably deployed, com- 
prises several zones. These zones are illustrated in FIG. 1. 
Specifically, the atmosphere of the earth 1 includes five 
major wind systems or "circulatory zones." The polar 
regions 2, 3 are characterized by winds that are confined to 
those regions and that circulate around each pole. In 
addition, winds in an equatorial zone 4 tend to remain 
confined within that zone, while the winds in northern 
temperate zone 5 and southern temperate zone 6 each tend 
to remain respectively within those zones. Little cross-over 
of wind occurs between these zones. For information regard- 
ing this and other atmospheric phenomena pertinent to the 
practice of the present invention, see D. G. Andrews and J. 
R. Holton, Middle A tmospheric Dynamics, Academic Press, 
Inc., 1987, the contents of which are herein incorporated by 
reference in their entirety. Thus, an aerial platform launched 
within a particular zone enjoys a high probability of remain- 
ing in that zone when the platform is capable of directional 
control. 

The relatively narrow equatorial zone 4 (15° North lati- 
tude to 15° South latitude) is characterized by a Quasi- 
Biannual-Oscillation ("QBO") pattern, in which wind 
velocities decrease to zero, reverse direction and then 
increase again, approximately every two years. An economi- 
cal global aerial network according to the present invention 
could thus be deployed in this equatorial zone 4. 

FIG. 2 shows a network of fifty aerial platforms 50 
distributed about the equator and operating above 60,000 ft. 
60 (18.28 km) to create a global link 30. Platforms 50 signal 
with each other (e.g., via transmission 52) and also via 
orbiting satellites 54, 56 and 58. Launching into the tropical 
zone should represent the quickest and least expensive way 
to create a global network that would provide service to 
65 consumers in the tropics. 

Referring back to FIG. 1, in the northern or southern 
temperate zones (5, 6), a network of 200 aerial platforms 
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operaling at 120,000 feet (36.5 km) should be sufficient to and a heavier than air, winged unmanned aviation vehicle 
create a globally linked network covering a majority of the ("UAV") 14. (Not shown, but present on UAV 14, are a 
populated areas of the earth. The deployment of 400 to 600 payload, communications equipment and a control system 
vehicles in zone 5 or 6 should provide nearly 99% coverage. (described below in connection with FIG. 6) for implement- 
Since the aerial platforms according to the present invention 5 m g ln f aerial platform control law). The payload may 
are lighter-than-air ("LTA") platforms, their launch entails comprise known means for communication with equipment 
releasing each platform from a suitable site within the located on the earth, such as a ground-based telecommuni- 
desired zone. cations station, sea-based communications equipment, or 

Ac c^^um ;« cm 1 „ • » j * , with communications equipment aboard an airborne vehicle, 

As shown in MG. 1, for platforms that are intended to n „., ■ . , ^ L i _u- . 

««o^t^ :„ • i . c * * ■ i m or 00 a satellite m orbit around the earth. In addition, or 

operate in the circulatory zones of greatest commercial 10 u , 4 , , , . , ' 

■ fow( _ . ' - t • i a alternatively, the payload may comprise known means for 

interest, northern temperate 5, equatorial 4, or southern , . r ;. r J \ ., . . 

ta „ . gr _ .i "II *c ill i . . conducting observation, for example, without limitation, 

temperate 6 zones, the aenal platforms could be launched, , , ■ . , . ™ , T A . 7 ' . " ' 

\ u i r_ n /* m ,u a • \ . o /■ taking photographs. The UAV 14 includes a motor (not 

respectively, from site 7 (in North America), site 8 (in . \ & , 1£ . . . , .T, v r 

Central America) or site 9 (in South America). Multiple ^TilT^n n°J iV? ™h t7 Tn* 

launch sites in other areas of the world could also be « !»« m «»" n ™8 headl "g> al itude and vehicle attitude. The siz- 

r~ ** . v. i l i ing ot motor and propulsor 16 can be selected according to 

selected. For a communications system with global, tern- i* nm ^.u^ * n a. „*v ** *u it.- , e 
M „ (B „„ „ , . . c known methods as a function of the lifting capacity of 

perate zone coverage, one or more launch sites in all of the m a ,u a- - , IfAl/1ji , , . , 

three zones 4, 5 and 6 would be required. A schedule for «™ 0p f, ° aD , d ,he . dlmensi °° s 0 UAV . " <° ^»le <»* 

launching could proceed atone platform every otherday; for ^ f Att ° m '° achie , V ? X^^'£7 P , -' P f ?'* 

a network of 50(5 platforms, this schedule would lead .0 the 20 ab * at leas appro XI mately 0.5 km/hr. UAV 14 also mcludes 

establishment of a network in well under one and a half ! 'f mech ^ n T ( n ° sh ° wn ) ^Plemen.able 

years. The platforms may be launched using known tech- ^ 8 h f " ^ A vm P™ ^ l ° 

. j j 1 1 .-1 to be disengaged from UAV 14 at an appropn ate time. Thus, 

niques and procedures developed for launching large strato- t . _ inwt k.iuvi>i u * V 

u ■ u 11 u- u l l 1 1 1 l ktao * 1 when the balloon 10 or the UAV 14 approaches its design 

spheric balloons, which have been developed by NASA and rr ... . c c i -r c / *^ 

■ 4 - t; f i * . oc lite, or in the event of a failure, or if for some other reason 

other organizations. For information regarding the launching 25 t . . r +u . i • • • i . £ 

of balloons that is pertinent to the practice of the present i!^ 1 ?^ "T^ h ""V pU 5™! 

invention see, for example, A. Morris, Scientific BaUooning de f" 8 U f " Can , jettlS ° h n ,ether 12 and envelo P e 10 and 

Handbook, National Ce^er for Atmospheric Physics! ^rn to earth. 

NCARflWIA-99, May, 1975, the contents of which are , M *™ l ™}y< controlled descent of UAV 14 with enve- 

herein incorporated by reference in their entirety. 30 '°pe 10 may be poss.ble and desirable, taking into account 

... , ... ,, . e , . that separation ot the UAV 14 and envelope 10 prior to 

At least two launch sites would preferably be identified in descent ^ maaattisil airspace would be recommended 

each atmospheric circulatory zone These launch sites for safcl reasons For instancCi while ft cou , d ^ efcrab , e 

should be geographically separated from one another and to re , ease the , oad such , ha , , he , oad execu(e 

located on different continent or oceans. With two launch a conlroMed descem to , and „ an intended rec[)verv ^ , he 

sites rather than one, the t.me for deployment of a global enve , 10 coM be al)owed tQ floa , untfl ft ^ ^ ^ 

system could be reduced by up to 50%. ocean> 0f 0 , her location where its landjng wqM be benigni 

FIG. 3 shows an elevational view of the atmosphere of the and then cut down, 

earth 1. The atmosphere comprises the troposphere (0-16 Alternative suitable vehicles for use as aerial platforms in 

km), the stratosphere (16 km-50 km), the mesosphere (50 40 connection with the present invention could include any LTA 

km-80 km) and the thcrmosphere (80 km-640 km). The craft that couId operate for a s i gn ifi cant per i 0 d of time in the 

preferred range of operating altitude for the aerial platforms stratosphere, including gas-filled blimps, rigid, non-rigid, or 

of the communications network according to the present semi-rigid airships, solar-powered hot air balloons or 

invention is indicated by reference numeral 103 and spans airships, superpressure and constant volume balloons, or 

the zone from 18 km-45 km. Below 18 km, the presence of 45 other suitable vehicles. One example is the annular LTA 

moisture-driven weather patterns complicates the control veh icle disclosed in U.S. Pat. No. 5,645,248, which issued 

requirements for the aerial platforms. Furthermore, activity M . 8j 1997) the contents of which patent are herein incor- 

in the airspace below that altitude is regulated by the Federal porated by reference in their entirety. Unmanned aviation 

Aviation Administration in the United States and analogous vehicles capable of remaining aloft for long periods could 

administrative agencies outside the United States. At alti- 5Q also be used wilhout being ^ lcd tQ hfti cnvelopeSt 

tudes above 45 km on the other hand, the atmosphere is so ^ aerial latforms maki a netW0fk accordi tQ 

hin hat LTA vehicles (,.e balloons) are rendered imprac- the , invemion need n0( ^ ^ lemented wilh ow . 

ticably huge and too difficult to power and control for ered whicl however Since ^ ^ lalforms ^ 

purposes of the present invention. erally permitled t0 drift) the pIatforms only Deed t0 & be 

A wide variety of LTA vehicles could be suitable for use 55 steerable— provided that the control law for the aerial plat- 
in the communications network according to the present forms lakes this limitation into account. The use of non- 
invention. Since only the relative positions of the aerial powered, steerable aerial platforms reduces the number of 
platforms need to be adjusted, and since the errors in these degrees of freedom available to each platform and thus, in 
positions are not expected to grow at a high rate, the aerial general, can be expected to reduce the optimization options 
platforms do not need to be capable of moving at a high rate 60 available to the designer of the communications network and 
of airspeed. The required airspeed is an inverse function of increase the number of platforms for necessary commercial 
the number of deployed platforms; that is, the greater the requirements. 

number of platforms, the lower the necessary airspeed. FIG. 5 shows a portion of the earth 1 and a region 500 of 

Oneexampleof an aerial platform is shown in FIG. 4. The high demand for the services of an embodiment of the 

lighter-than-air (LTA) vehicle in FIG. 4 is a hybrid vehicle 65 communications network 20, Only a subset of the commu- 

comprising an envelope (balloon) 10 filled with a lighter nications network 20 is shown, specifically, aerial platforms 

than air gas for providing lift, a tether 12 of suitable strength, 220, 230, 240, 260, 280, 300, and 490. Platform 490, in the 
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vicinity of region 500, receives communications from plat- 
form 230 via radio transmission 100 (the shaded cone 
indicating communication occurring between platform 490 
and region 500). This and all communications between 
aerial platforms are line of sight transmissions. The maxi- 
mum distance between aerial platforms is dictated by the 
frequency and power of the transmissions, associated attenu- 
ation losses, and the altitude at which the platforms are 
deployed. At 60,000 feet, the maximum line of sight distance 
between vehicles before the sightline is broken by the earth 
is approximately 600 miles; at 120,000 feet the maximum 
distance is 825 miles. Ground relays or satellite links can be 
used to increase greatly the acceptable separation between 
any two platforms, while maintaining communication links 
with the platforms. 

Platform 230 also communicates with platform 220 via 
transmission 110, platform 240 via transmission 120, plat- 
form 260 via transmission 130, platform 280 via transmis- 
sion 140, and platform 300 via transmission 150. Transmis- 
sions 100, 110, 120, 130, 140 and 150 are preferably 
identical — i.e., one single broadcast — but may alternatively 
be targeted at each particular platform. Ground station 550 
communicates with platform 230 via radio transmission 570 
and with platform 300 via transmission 580. A signal origi- 
nating from ground station 550 can be propagated to region 
500 via platforms 230 and 490. 

FIG. 6 is a block diagram of a control system for an 
embodiment of an aerial platform according to the present 
invention. The control system includes a suite of sensors, 
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the clock cycle in a synchronized manner. The clock cycle 
and the number of slots in each cycle are selected so that 
each aerial platform 92 can broadcast its unique identifying 
number and other information without conflicting with the 
broadcast of another aerial platform 92. If the clock cycle 
were selected to be two minutes in length, for example, and 
this cycle were divided into 1200 time slots, up to 1199 
vehicles could operate in the network. The length of the 
clock cycle depends upon the number of aerial platforms and 
the speed of MCU 70. Given the comparatively slow speeds 
at which the aerial platforms 92 are expected to travel, 
particularly with respect to one another, two minutes may be 
a sufficient interval between the issuing of control signals by 
each aerial platform 92, to maintain an appropriate spacing 
between the aerial platforms 92 in the network. 

The control signal 95 broadcast by each aerial platform 92 
preferably includes not only a unique identification number, 
but also the output of GPS 60 (to which on-board compass 
64 may serve as partial back-up) and information sufficient 
to represent the operational status of the aerial platform 92. 
The operational status of the aerial platform 92 preferably 
includes an indication of (1) the physical condition of the 
aerial platform (minimally, whether the platform is opera- 
tional or whether anything threatens its operation) and (2) 
the demand for the services of the payload of the aerial 
platform. This demand would be inferred from payload 82, 
and is a userdefinable, mission-dependent measure (e.g., 
telecommunications circuits, bits per second or other appro- 
priate unit). For example, if payload 82 were a cellular 


including a global positioning system (GPS) 60, a weather 30 switch, the demand would be a function of the traffic being 


vane 62, a compass 64 and an altimeter 66. The control 
system is also coupled to a power supply 68, in a suitable 
arrangement according to known methods, and to payload 
82, which comprises mission-specific equipment. (Leads 
from power supply 68 to other electrical components in the 
control system are not shown). Each of the foregoing 
components of the control system is coupled to micropro- 
cessor control unit (MCU) 70, which receives signals from 
each of those components as inputs and which can store data 
in, and retrieve it from, memory 59 as needed. MCU 70 is 
also coupled to, and sends output signals (in the form of a 
required compass heading 71) to auto pilot 73, a suitable 
auto pilot systems according to known methods, which in 
turn sends directional commands to the propulsor 16 and 
control surfaces of UAV 14. Autopilot 73 may be imple- 
mented according to methods familiar to those skilled in the 
art. The reader is referred, for example, to Autopilots such as 
those made by Century Flight Systems of Mineral Wells, 
Texas, or by Bendix/King of Olathe, Kans,, or by STEC, 
also of Mineral Wells, Tex., which could be adapted for use 
in this embodiment. MCU 70 also is coupled to and sends 
output signals to propulsion unit 77, receiver 79 and trans- 
milter 80. Transmitter 80 transmits radio signals 95 to aerial 
platforms 92, while receiver 79 receives radio transmissions 
90 from the aerial platforms 92. Transmitter 80 preferably 
transmits signals 95 in a narrow band of the electromagnetic 
spectrum; for maximum efficiency, the transmitters for each 
aerial platform may share the same band. 

In an embodiment of the aerial network according to the 
present invention, each aerial platform 92 has a unique 
identification number and a unique time slot in which it 
broadcasts its identification number and other information. 
The time slot for a given aerial platform 92 is a particular 
interval in a preselected clock cycle maintained in synchro- 
nization according to known methods among all the aerial 
platforms 92 of the network. Each MCU 70 aboard each 
aerial platform 92 implements a clock, and counts through 
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handled by the switch. In addition to the unique identifier, 
heading and operational status, other suitable information 
could be transmitted as well. 

When a portion of the clock cycle in which an aerial 
platform 92 is not transmitting its unique identifier and other 
information, receiver 79 of the aerial platform 92 receives 
signals in a preselected frequency band. At the end of a clock 
cycle, MCU 70 calculates, based on the information it 
received during the entire clock cycle and according to logic 
described below, a required compass heading 71. This 
heading is sent to auto pilot 73, which produces directional 
commands 75 for the UAV 14. 

MCU 70 may be a microcontroller chip such as a 
Motorola 68HC12 having a built-in fuzzy logic instruction 
set kernel from Inform Software Corporation. Other suitable 
processors and instruction sets also could be used. Fuzzy 
logic is a rigorous, formal logical discipline developed by 
Lotfi Zadeh and others that provides, among other 
advantages, a heuristic means for specifying decision mak- 
ing and control laws for dynamical systems. See, for 
example, C. von Altrock, Fuzzy Logic and Neurofuzzy 
Applications Explained, Prentice-Hall, 1995, the contents of 
which are herein incorporated by reference in their entirety. 
As described in detail below in connection with one embodi- 
ment of the present invention, the control algorithm for a 
particular aerial platform 92 implemented by MCU 70 
determines, based on the signals 90 received from the other 
aerial platforms, the closest neighboring platforms in the 
network that are closest to that aerial platform 92. The 
content of these signals 90 are sorted and used to compute 
an appropriate heading for the subject platform. 

Many approaches to determining an appropriate control 
action for each aerial platform 92 are possible. One approach 
computes the control action, including propelling the plat- 
form toward an appropriate heading, as a function of the set 
of nearest neighboring aerial platforms 92 using fuzzy logic 
implemented with FuzzyTcch™ software from Inform Soft- 
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ware Corporation. In one embodiment of the algorithm 
according to the present invention, two inputs to the fuzzy 
logic program are (1) distance to a particular aerial platform 
92 and (2) demand for the services of the payload of that 
platform. These values are extracted from the transmissions 
90 received from other aerial platforms 92. Distance is most 
preferably determined through conventional means based on 
readings from GPS 60. Alternatively, distance could be 
estimated based on signal strength measurement techniques 
and modeling of free space or non-free space signal propa- 
gation and attenuation. Based on the distance information, 
MCU 70 creates a list of the five closest aerial platforms. 

Logic for an embodiment of an aerial platform 92 accord- 
ing to the present invention, and implemented by MCU 70, 
is shown in FIG. 7 at flowchart 700. The logic executes a 
loop that begins by reading the clock at step 702 (which 
clock may be implemented by MCU 70 or another device 
(not shown)). The clock cycles through a preselected num- 
ber of time slots comprising a clock cycle for the given 
network. The logic first determines whether the present time 
slot is the one assigned for this particular aerial platform 92. 
If so, the MCU 70, at 706, reads one or more values from the 
payload 82 and, depending upon mission specific logic 
(beyond the scope of the present invention and not disclosed 
here) generates a value representative of a "demand" for the 
services provided by the payload 82. MCU 70 also reads, at 
708, a latitude value and a longitude value from the GPS 60. 
MCU 70 then packs these values, along with a unique 
platform identifier, into a signal according to a known 
communications protocol and broadcasts the signal via 
transmitter 80 within the current time slot. Control is 
returned to the top of the loop of flowchart 700. 

The clock is again read at 702 and the clock value is 
checked at 704 to determine if the current time slot corre- 
sponds to the slot for this particular platform. If sufficient 
time has elapsed that a successive time slot has now been 
entered, the test evaluates negatively (which will continue to 
be the case for the remainder of the clock cycle). MCU 70 
via receiver 79 listens at 710 for a signal associated with the 
aerial platform 92 that is assigned to broadcast during the 
current time slot. If at 712 it is determined that a signal has 
been received, then control is passed to a routine at 714 that 
extracts from the signal according to known methods the 
transmitted information. For example, the unique identifier 
(ID) for the aerial platform that broadcast the received signal 
is extracted from the received signal. Given that each aerial 
platform has a unique time slot, the identity of the aerial 
platform could be inferred from the timing of its signal. The 
use of a unique identifier may serve as a check for this 
inference, or may provide other information useful for 
administering the network. Other information in transmitted 
signal 95 or received signal 90 may include latitude and 
longitude information and an operational status (which in 
turn may incorporate a measure of demand for the services 
of the payload of that aerial platform). When the desired 
information has been extracted from the received signal, 
MCU 70 retrievably stores this information at 716 in 
memory 59 in accordance with known methods. 

If at 712 it had been determined that a signal had not been 
received during the time slot, MCU 70 may at 718 store a 
code associated with the aerial platform 92 assigned to the 
present time slot to indicate that that particular aerial plat- 
form 92 is either out of range or not operating properly. 

The logic implemented by MCU 70 then checks at 720 
whether all time slots have been cycled through. If so, then 
the logic implements the control strategy. A set of closest 
platforms, e.g., five of them, are determined by executing a 
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sort routine that compares the distances that were previously 
determined. For example, MCU 70 at 722 runs a fuzzy 
control algorithm on the data received from the other aerial 
platforms during the past clock cycle. As described below, 
the control strategy takes from memory 59 the values 
received from the other aerial platforms 92 and arrives at a 
control action that implements a desired objective function 
for the communications network. The control action is sent, 
at 724, by MCU 70 to auto pilot 73, which effectuates the 
desired aerial platform control. 

If at 720 all aerial platforms 92 had not yet been 
accounted for (i.e., if the clock cycle is not yet complete), 
MCU 70 increments to the next platform clock slot at 726 (to 
which the clock will be compared once again at step 704). 

The fuzzy algorithm approach is illustrated in FIGS, 
8A-8L and is applied to the information received from each 
of the five closest platforms. FIG. 8A provides a table that 
describes certain parameters of the fuzzy algorithm used in 
the illustrated embodiment of the control logic for the aerial 
platforms 92 according to the present invention. The algo- 
rithm uses two linguistic input variables (proximity and 
demand), one linguistic output variable (control command 
or "controL_com"), and no intermediate variables (the fuzzy 
logic directly maps the input variables to the output 
variable). The fuzzy algorithm uses a single rule block (FIG. 
8L, below), which comprises nine rules. Finally, the fuzzy 
algorithm uses nine membership functions, defined below. 

FIG. 8B provides a definition of the fuzzy logic system, 
which is a simple one that maps the two input variables, 
proximity and demand, to the output variable, controL_com. 
The "min" and "max" features clip or block inputs that are 
beyond these ranges according to known methods. 

FIG. 8C is a table that describes the linguistic variables of 
the fuzzy logic system, their type and the names of values 
that the variables can take. "Demand" is an input variable 
that can take any one of the values {low, medium, high}. 
"Proximity", also an input variable, takes the values {close, 
optimal, far}. The third variable, "control_comand", is an 
output variable that can take any of the values {mv_closer 
(i.e., propel a given aerial platform 92 closer to another 
platform), stay__put (i.e., do not effect a control action in an 
attempt to move a given aerial platform 92 relative to the 
other platforms) and move _a way (i.e., propel the given 
aerial platform 92 away from another platform)}. 

FIG. 8D is a table that sets forth the properties of the input 
variables. The "demand" input variable has a minimum 
value of 0, a maximum value of 255 (this value, in the 
illustrated embodiment, being selected based on mission- 
driven considerations and represented in a digital 8-bit 
value), and units (here, "demand" is dimensionless and 
simply identified as "units"). The column "fuzzification" 
refers to the process of using fuzzy sets for translating real 
variable or data into linguistic variables and, in the case of 
the "demand" input variable, applies a membership function 
(described below at FIG. 8H) to translate the numeric 
quantity into a set of memberships. These memberships are 
defined in the interval {0, 1} for each of the terms {low, 
medium, high}. 

"Proximity", as set forth in FIG. 8D, can be as low as 0 
and as high as 1000 miles (higher values being disregarded 
or not entered). For purposes of the illustrative embodiment 
of the communications network comprising aerial platforms 
92 using this algorithm, an inter-platform separation of 1000 
miles is deemed excessive; however, one skilled in the art 
would recognize that this setting can be varied depending 
upon the specifics and mission demands of the particular 
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communications network. The "proximity" value is mapped close to the given aerial platform 92, or its demand is 

via a membership function ("MBF", defined below at FIG. sufficiently low (or both), that the appropriate control action 

8J) that maps the "proximity" value to a membership value is to move away from this platform. Specifically, the control 

of each of the terms {close, optimal and far}. action is determined as the average position of the two 

FIG. 8E sets forth the properties of the output variable 5 closest aerial platforms 92, so as to direct the given aerial 

"control_comand". "Control__comand" takes an integral platform 92 in a direction 180 degrees opposite to that 

value in the interval {-5, 5} and, if unspecified, assumes the position. 

default value 0. The units are dimensionless. "Defuzzifica- The foregoing control strategy, when implemented aboard 
tion" means that the membership function for "control_ the aerial platforms 92 in a communication network, pro- 
corn and" is entered at the abcissa and values for {mv_ }Q duces a distribution of platforms capable of adjusting to 
closer, stay_put, move„away} are taken from the terrestrial demand and changing wind conditions. Those 
membership function curves set forth in FIG. 8F. familiar with the study of emergent behaviors of complex 

FIG. 8F represents the membership function for the systems would recognize that embodiments of the present 

output variable "control_comand". The membership func- invention analogous to the one described above would lead 

tion graphically shows the dependence of the value of each J5 to a system that directs itself toward an efficient solution 

of the term names {mv__closer, stay_put, move_away} on with minimal centralized control and processing power, 

the value of "control_comand". The functional dependen- Many alternative strategies can be employed to achieve 

cies shown in FIG. 8F are illustrated in a different form in the desired controlled drift and distribution of aerial plat- 

FIG. 8G. FIG. 8G is a table that, for each term name for the forms 92 in a communications network according to the 

output variable "control_comand", identifies the shape of 2Q present invention, depending upon the operational goals and 

the curve and lists the definition points in coordinate pairs of constraints of the aerial platforms, their payload and the 

the form {control_comand, term name}. mission of the network. As one alternative, the network 

FIG. 8H illustrates the membership function for the input could be monitored or even controlled by one or more 

variable "demand", showing how the values for the term ground stations (such as station 550 in FIG. 5). A software 

names "low", "medium" and "high" vary with the value of 25 program such as Satellite Tool Kit, marketed by Analytical 

"demand". FIG. 81 provides a definition of the same mem- Graphics, Inc., King of Prussia, Pa., developed for analyzing 

bership function in tabular form. FIGS. 8 J and 8K provide satellite network interactions with aircraft, ships, ground 

analogous membership functions and table representation vehicles and ground stations is adaptable for monitoring, 

for the input variable "proximity." predicting and controlling movements of the slow moving, 

FIG. 8L is a rule block for the fuzzy control algorithm for 30 low altitude network according to the present invention, 

the illustrative embodiment of the aerial platform 92 accord- The number of aerial platforms necessary for establishing 

ing to the present invention. The table illustrates the rules for and maintaining an uninterrupted global link depends on a 

a logical IF-THEN mapping from {"demand", "proximity"} set of factors that includes deployment altitude, frequency 

to {"control_comand"}. The column labelled DoS (degree spectrum allocation, seasonal conditions and the power of 

of support) provides a weighting for each rule according to 35 transmitters on the ground as well as on the aerial platforms, 

its importance. If "demand" is low or medium and "prox- In general, the lower the altitude at which the aerial plat- 

imity" is close, then "control_comand" takes the value forms are deployed, the larger the number of aerial platforms 

move_away. If "demand" is high and proximity is close, or necessary for providing coverage that encircles the earth; the 

if "proximity" is optimal and "demand" is either low or higher the altitude of a platform, the larger the area on the 

medium, then "control_comand" takes the value stay ut. If 40 earth to which the platform is accessible via line of sight 

"demand" or "proximity" take any other combination of communications. This and signal attenuation in denser 

states, "control_comand" takes the value mv_c loser. atmosphere are the primary reasons that, as the deployment 

The output control command ("control__comand") of the altitude decreases, the greater the number of aerial platforms 

embodiment of fuzzy logic algorithm described above is a required. 

numerical value between -5 and +5 for each of the closest 45 FIG. 9 A shows an orbital, non-geosynchronous satellite 

vehicles. The rule block of FIG. 8L produces control com- 55 and a zone 53, with an associated duration in time over 

mands taking one of three values {move_away, stay_put, which the satellite can effectively communicate with a point 

mv_closer}, which are mapped into a numerical domain on the earth. FIG. 9B shows how an aerial platform 59 

{-5 ^x^5} by the membership plot shown in FIG. 8F. MCU deployed in the stratosphere, used in conjunction with 

70 then selects the highest absolute control value arrived at 50 satellite 57 to provide the satellite with a communication 

forasetof neighboring aerial platforms 92, e.g., each of the link to the earth using known communication methods, 

five closest platforms, and uses this as the basis for com- extends the zone 58 and time over which satellite 57 can 

puting a required heading for aerial platform 92. If there is effectively communicate with a point on the earth. The use 

no unique highest absolute value, but rather two or more of a combination of orbiting satellites and aerial platforms 

such values, no control action is taken. If there is a unique 55 according to the present invention may be used to establish 

highest absolute value, the sign of the value determines the a global communications network more quickly than by 

direction of the control to be taken. If the sign is negative, deploying a network comprising solely orbiting satellites or 

this means that there is a particular neighboring aerial aerial platforms. 

platform 92 sufficiently far from the given aerial platform The foregoing description is provided for purposes of 

92, or having sufficient demand (or both) that the appropriate 6 o explanation and description of illustrative embodiments of 

control action is to move closer to this furthest neighboring the present invention. Modifications and adaptations to the 

platform in the list of five. The heading is determined described embodiments, particularly to the aerial platform 

according to known methods by computing the direction of architecture, or to the control strategy for the aerial 

a vector from the position of the given aerial platform 92 to platforms, will be apparent to those skilled in the art and may 

the furthest of the five neighboring aerial platforms 92 . 65 be made without departing from the scope or spirit of the 

If the sign of the control command is positive, this invention as described and as set forth in the following 

indicates that there is a neighboring platform sufficiently claims. 
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What is claimed is: 

1. A communications network for providing communica- 
tions coverage around the earth, the network comprising: 

a multiplicity of aerial platforms distributed around the 
earth in the stratosphere approximately 18-45 km 
above the earth, each platform permitted to drift within 
the stratosphere but maintained within line of sight 
distance from the adjacent neighboring platforms; 

a ground station for communicating control signals to any 
two platforms for substantially increasing the distance 
between said two platforms while maintaining commu- 
nication links with said two platforms; 

each aerial platform comprising a lighter than air portion 
and a heavier than air portion suspended from the 
lighter then air portion; 

each platform comprising means for directional propul- 
sion in response to a control signal and for remaining 
airborne for a period of time, said platform including 
communications electronics for sending communica- 
tion signals to and receiving them from other aerial 
platforms, and control electronics coupled to the com- 
munications electronics, said control electronics 
adapted to generate a control signal for directing the 
platform to another location in response to communi- 
cation signals received from another platforms. 

2. The communications network according to claim 1, in 
which each platform is adapted to adjust its position with 
respect to the other platforms according to a decision rule 
and the decision rule operates on information received from 
at least one of a set of neighboring platforms. 

3. The communications network according to claim 2, 
wherein each platform is assigned a slot in a clock cycle and 
transmits to the other platforms, during that slot, information 
to be used according to the decision rule. 

4. The communications network according to claim 2, in 
which the adjustment is determined according to a measure 
of physical proximity to at least one of the neighboring 
platforms. 

5. The communications network according to claim 2, in 
which the adjustment is determined according to a measure 
of demand for the services of at least one of the neighboring 
platforms. 

6. The communications network according to claim 2, in 
which the set of neighboring platforms for a given platform 
is determined according to a measure of physical proximity 
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to the given platform and a measure of demand for service 
of the given platform. 

7. The communications network of claim 1, wherein at 
least one of the platforms comprises a payload adapted for 

5 communication with equipment located on the earth. 

8. The communications network of claim 7, wherein the 
equipment located on the earth comprises a ground-based 
telecommunications station. 

9. The communications network of claim 7, wherein the 
equipment located on the earth comprises sea-based com- 
munications equipment, 

10. The communications network of claim 1, wherein at 
least one of the platforms comprises a payload adapted for 

15 communication with communications equipment aboard an 
airborne vehicle. 

11. The communications network of claim 1, wherein the 
platforms are adapted for communication with at least one 
satellite in orbit around the earth. 

20 12. The communications network of claim 1, wherein at 
least one of the platforms comprises a payload adapted for 
observation. 

13. The communications network of claim 12, wherein 
the payload is adapted for taking photographs. 
25 14. The communications network of claim 1, in which the 
aerial platforms are distributed within a latitude range that 
extends from about 15° South latitude to about 15° North 
latitude. 

15. The communications network of claim 1, in which the 
30 aerial platforms are distributed within a latitude range that 

extends from about 15° degrees North latitude to approxi- 
mately the Arctic Circle. 

16. The communications network of claim 1, in which the 
aerial platforms are distributed within a latitude range that 

35 extends north of approximately the Arctic Circle to the 
North Pole. 

17. The communications network of claim 1, in which 
aerial platforms are distributed within a latitude range that 
extends from about 15° degrees South latitude appro xi- 

40 mately to the Antarctic Circle. 

18. The communications network of claim 1, in which the 
aerial platforms are distributed within a latitude range that 
extends south of approximately the Antarctic Circle to the 
South Pole. 

***** 
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